Phospholipase C (PLC) is a putative virulence factor of several pathogenic bacteria. We studied if exogenous PLC would perturb epithelial behavior in infected tissues. Gelatin and casein zymography of cell culture medium indicated that the broad-spectrum PLC of Bacillus cereus induced matrix metalloproteinase (MMP) production in epithelial cells of human skin (NHEK), human gingiva (HGE), and porcine periodontal ligament (PLE). In all three cell types, the strongest increase (ninefold) at 0.1 U/ml was seen in the MMP-9 (92-kDa gelatinase) activity, and the effect was dose dependent in the range of 0.1 to 1.0 U/ml. A relatively weaker increase (twofold) in MMP-2 (72-kDa gelatinase) was also observed in each cell type. PLC induction of MMP-3 (48-kDa stromelysin) was also seen in NHEK and HGE on gelatin and more sensitively for PLE by casein zymography (fivefold). Total gelatinolytic activity as measured by degradation of 14 C-labeled denatured type I collagen increased by about 18-fold (NHEK), 12-fold (HGE), and 14-fold (PLE). Northern analysis showed a clear increase in the MMP-9, and a minor increase in MMP-3 mRNA levels but no significant increase in MMP-2 mRNA levels. Further studies with PLE revealed that MMP-9 induction by PLC progressively increased with the length of cell culture time in the absence of serum. PLC induction of MMPs was polar, with MMP-9 and MMP-3 secreted primarily in the apical direction and MMP-2 secreted mainly in the basal direction. The PLC effect was blocked by neomycin, an inhibitor of the phosphoinositol signal pathway. No significant effects were observed in MMP expression with the calcium ionophore A23187 or phospholipase A 2 . Morphologically, PLC treatment resulted in reduced contacts between the cultured cells and loss of the cell surface microvilli. These results suggest that PLC secreted by bacterial pathogens may disrupt epithelium of infected tissue and increase the subepithelial tissue destruction through induction of MMPs.
Phospholipase C (PLC) has been suggested to be a key virulence factor in several infectious diseases and has been recovered from infected tissue and from bacterial isolates of the same site. Clostridium perfringens PLCs (alpha-toxin) of type A strains are believed to play a predominant role in the pathology of gas gangrene in humans (24, 25) . When injected into healthy muscle, recombinant clostridial PLC reproduces the pathologic features of gas gangrene (5) . Among its effects, it damages fibroblasts and muscle cell membranes (24) , contracts the isolated rat aorta, and stimulates the release of arachidonic acid (12) . Listeria monocytogenes causes several serious diseases, including septicemia in pregnant women and meningoencephalitis in neonates and immunocompromised adults (13) . Its PLC may also be associated with the pathogenesis of listeriosis (27) . Staphylococcus aureus PLC is associated with adult respiratory distress syndrome and disseminated intravascular coagulation (22) . Several potentially pathogenic oral bacterial species also produce PLC (23) , and the enzyme activity in tissue exudate is elevated during periodontal disease (10) .
The amino acid sequences of PLCs from L. monocytogenes and Bacillus cereus, as well as S. aureus and Bacillus thuringiensis, bear considerable homology (9) . The genes encoding the alpha-toxins of different C. perfringens strains have been cloned, and the nucleotide sequences and deduced primary structures show few strain differences (42, 43) . There is also extensive homology between the primary sequence of the NH 2 -terminal domain of the alpha-toxin and the complete primary sequence of phospholipase C from B. cereus. The amino acid sequence in the active site of B. cereus PLC is conserved in the alpha-toxin. Because of this remarkable homology between the two proteins, B. cereus PLC has been used as a model to study structure-function relationships of alpha-toxin (14) .
PLC has been isolated from chronic wounds associated with Pseudomonas aeruginosa infection (15) . Chronic wounds caused by mixed infections are also characterized by an elevated expression of hydrolytic enzymes including matrix metalloproteinases (MMPs) (21, 45) . Members of this family of secreted and cell membrane-associated neutral collagenases, gelatinases, and stromelysins play a crucial role in extracellular matrix degradation during tissue remodeling. Moreover, epithelial growth in vitro and during wound healing in vivo is intrinsically linked to MMP expression (36, 38) . Activated or transformed epithelial cells have the potential for producing elevated levels of several MMPs capable of degrading extracellular matrix molecules such as collagens, fibronectins, laminins, and proteoglycans (reviewed in reference 4). Epithelial cells are therefore implicated in the subepithelial matrix destruction of some infectious diseases such as chronic wounds, ulcerative pyogenic granuloma (35) , and periodontal disease (3) .
In this study, we used B. cereus PLC as a model to elucidate effects of exogenous PLC on production of three matrix metalloproteinases: MMP-9 (92-kDa gelatinase), MMP-2 (72-kDa gelatinase), and MMP-3 (48-kDa stromelysin) by epithelial cells in culture. Because different epithelial cells may respond differently to the bacterial insult, three normal epithelial cell types, namely, human skin keratinocytes (NHEK), human gingival keratinocytes (HGE), and unkeratinizing porcine periodontal ligament epithelial cells (PLE), were used to determine whether PLC-induced effects might be common to various epithelial infections.
(Portions of this work were previously presented in abstract form before the annual general meeting of the International Association for Dental Research, Seattle, Wash., 10 to 13 March 1994 [11] .) (28) . Passage 3 to 5 NHEK cell lines were plated at 3 ϫ 10 3 cells/cm 2 and cultured in the supplier's keratinocyte growth medium supplemented with growth factors (KGM; Clonetics, San Diego, Calif.) to about 70% confluence. Both human cell types were cultured to quiescence for 1 day in medium without growth factors. Experiments were then performed in this basal medium. For studies of directional enzyme secretion, PLE were cultured to a high density multilayer on Transwell (Costar, Cambridge, Mass.) polycarbonate filters as described by Pan et al. (31) .
MATERIALS AND METHODS

Materials
Gelatinase assays. For zymography, 30-l aliquots of cell culture medium were electrophoresed on sodium dodecyl sulfate-7.5% polyacrylamide gels (18) containing 1 mg of denatured type I collagen (gelatin) per ml or casein fluorescently labeled with 2-methoxy-2,4-diphenyl-3(2H)-furanone (29) . For experiments using Transwell cultures, differences in upper-and lower-chamber volumes were compensated for by loading proportional volumes (10 l [upper] or 40 l [lower]) of conditioned media. After electrophoresis, gels were washed twice in 50 mM Tris buffer (pH 7.5)-2.5% Triton X-100. Gels were further incubated in 50 mM Tris buffer (pH 7.5)-0.02% NaN 3 -5 mM CaCl 2 -1 M ZnCl 2 at 37°C for 18 to 24 h. Gelatin degradation was monitored as bands of decreasing fluorescence under long-wave UV light. Gels were then stained with Coomassie blue R250 in 40% methanol-7% acetic acid and subsequently destained and stored in 7% acetic acid. Zones of enzymatic activity were visualized by negative staining. The gels were digitally scanned, and individual MMP bands were quantitated relative to controls by using image analysis software (Image 1.59; National Institutes of Health Bethesda, Md.). Total gelatinase activity was assayed by incubating aliquots of conditioned media in 50 mM Tris (pH 7.5)-200 mM NaCl-5 mM CaCl 2 -0.02% NaN 3 -0.1% Brij 35 buffer with heat-denatured soluble [
14 C]proline-labeled type I collagen at 37°C for 6 h. To activate latent forms of MMPs, 1 mM aminophenylmercuric acetate was added to the incubations. Nondegraded gelatin was precipitated with 10% trichloroacetic acid-1% tannic acid, and radioactivity released by total MMP activity into the supernatant was measured by liquid scintillation counting as previously described (30) .
Northern analysis. Total RNA was prepared from experimental cultures after collection of conditioned media by lysing cells in guanidium thiocyanate followed by phenol-chloroform purification as described by Chomczynski and Sacchi (8) . Aliquots (15 g/lane) were fractionated on 1.2% agarose-2.2 M formaldehyde gels and then transferred onto Hybond-N nylon membranes (Amersham, Arlington Heights, Ill.) as instructed by the manufacturer. rRNA bands were photographed by ethidium bromide fluorescence under long-wave UV to confirm consistent lane loading. Northern hybridization was carried out as described by Virca et al. (47) , using 32 P-labeled random cDNA probes of the MMPs and GAPD clones listed above. The membranes were subjected to multiple X-ray film exposure (Du Pont, Boston, Mass.) for 24 to 48 h to ensure band density in the linear range for accurate digital quantitation as described above. Scanning electron microscopy. Epithelial cells were cultured on glass coverslips to confluence and then treated with PLC (0.1 U/ml) as described above. At 24 h, cultures were fixed for 2 h at 4°C with 2.5% glutaraldehyde-phosphatebuffered saline (pH 7.4). The specimens were further postfixed by the osmiumtannic acid-osmium enhancing method (1), dehydrated through ascending concentrations of ethanol, critical point dried by using liquid carbon dioxide as the transitional fluid, shadowed with 100-Å Pd (Hummer VI; Technics, Cambridge, Mass.) and viewed under a Stereoscan 260 scanning electron microscope (Cambridge Instruments, Cambridge, Mass.) at variable kilovoltage.
RESULTS
Proteinase secretion. Conditioned epithelial culture medium was assayed for proteolytic activity by using gelatin zymography (Fig. 1) . Protease activity corresponding to the extent of gelatin substrate degradation was quantitiated by measuring proteinase band intensity as described in Materials and Methods. All three cell types constitutively produced low levels of two major gelatinases at 92 kDa (MMP-9) and 72 kDa (MMP-2). Both of these enzymes were further identified as MMPs by total inhibition by metal chelators EDTA and EGTA but not by the serine proteinase inhibitor phenylmethylsulfonyl fluoride (not shown). Pilot experiments were conducted with several commercially available PLCs (Sigma types IX, XI, XIII, and XIV) to determine the most suitable preparation for use in a model system. Type XI, a broad-spectrum PLC from B. cereus, was found to be free of contaminating gelatinase activity and toxicity and therefore used throughout the study. PLC treatment (24 h, 0.1 U/ml) strongly increased MMP activity in each of the three epithelial cell types tested. The greatest increase was observed for MMP-9 (ϳ9-fold) in each cell type, with more modest increases for MMP-2. MMP-3 induction was also seen in NHEK and HGE. Variable production of additional gelatinolytic bands was also seen following PLC treatment, most notably in PLE and NHEK. These may be alternate forms of the three main MMPs. Hence, while PLC induction was found to be a common feature of epithelial cells, specific cell type variations in the response were evident. Heat treatment of the PLC preparation (60°C, 15 min) prevented the effect. This inactivation occurred well short of the treatment (85°C, 15 min) necessary for inactivation of lipopolysaccharide induction of MMPs (37) , eliminating the possibility that endotoxin contamination was responsible for the observed MMP induction. MMP induction by PLC was also detected by the radioactive gelatin assay as soluble peptides released in order to determine (Fig. 1) were subjected to Northern analysis. Total RNA was isolated, fractionated, and transferred to nylon membranes. RNA expression levels were measured by hybridization with 32 P-labeled cDNA probes specific for human sequences of MMP-9, MMP-2, MMP-3, and GAPD followed by exposure to X-ray film.
total gelatinase activity of all MMPs present. Maximally the total gelatinolytic activity increased about 18-fold (NHEK), 12-fold (HGE), and 14-fold (PLE).
MMP gene expression. To determine if PLC-induced protease production was associated with an increase in MMP gene transcription, the mRNA levels of control and PLC-treated cultures of NHEK, HGE, and PLE were measured by using cDNA probes specific for human sequences of MMP-9, MMP-2, and MMP-3 as described in Materials and Methods (Fig. 2) . Northern analysis showed that MMP-9 and MMP-3 message levels were increased at 24 h following addition of PLC in all three cell types. The MMP-9 signal increase (ϳ10-fold) approximated the observed increases in protease activity seen on the zymograms. Similarly, the MMP-3 signal showed a smaller increase (ϳ2-fold) that was in good agreement with that observed in the proteinase level. The MMP-2 signal showed no significant changes. No significant differences were observed in GAPD expression, indicating that PLC treatment did not alter general cellular metabolism. Having established that the PLC effect was general to the three epithelial types at both the protein and RNA levels, further experiments were conducted with PLE as a model epithelial cell type. This use is further supported by the fact that PLE have previously been established as a model for studying bacterial pathogenesis on unkeratinizing normal epithelial cells (44) , epithelial differentiation (31) , and growth factor induction of MMPs (32, 33) .
Time and dose dependency. We studied the time course of the PLC effect in PLE cells by treating serum-deprived undividing cultures with PLC at various concentrations for 2 to 48 h and then analyzing the MMP activity in the culture medium. Upregulated proteolytic activity was detectable by 12 h of treatment and continued to increase up to 48 h. The greatest increase was seen within the first 24 h. The induction was dose dependent in the range of 0.1 to 1.0 U/ml (Fig. 3) . The time course of the effect was further studied by exposing the epithelial cells to PLC (24 h, 0.1 U/ml) followed by removal of the conditioned medium and culture in unsupplemented media for another 16 h. The PLC treatment was then repeated. When PLC was removed, MMP secretion returned to close to the basal level at 16 h. A second addition of PLC again induced the cells to secrete MMPs (data not shown).
Signal transduction pathway. We tested the roles of the proliferative and quiescent states of the cells in their response to induction of MMP-9 by separately culturing PLE at various concentrations of serum (0.1, 0.5, or 1.0%) for 0 to 5 days prior to beginning the experiment. Lower serum concentration and longer serum-deprived culture periods were correlated to greater cell quiescence, as evidenced by the progressive loss of mitotic activity and reduced basal MMP secretion. All cultures were then treated in the absence of serum with either PLC (0.1 U/ml) or phorbol myristate acetate (PMA; 50 nM), a general protein kinase C activator, for 24 h. Zymographic analysis showed that PMA induction of MMP-9 was inversely correlated to the degree of culture quiescence prior to treatment (Fig. 4) . PMA treatment maximally induced MMP-9 at 24 h of quiescence in the culture pretreated at 1.0% serum, but progressively less activity was detected in cultures quiesced for longer periods. Furthermore, cultures pretreated at the lower serum levels (0.5 and 0.1%) showed even less response to PMA induction throughout the experimental period. In contrast, PLC induction displayed the opposite response pattern. PLCinduced MMP-9 activity increased with greater cell quiescence, suggesting that the signal pathway responding to exogenous PLC is distinct from that of PMA.
To determine whether PLC induction of MMPs could be due to increased calcium release or activation of the arachidonic acid pathway, PLE were cultured for 18 h in the presence of the calcium ionophore A23187 or phospholipase A. No significant effects on the gelatinase activity could be observed (not shown). The possible involvement of the phosphoinositol signal pathway was tested by using neomycin sulfate, which binds phosphoinositol precursors and prevents their breakdown by PLCs to the intracellular second messengers inositol 1,4,5-trisphosphate (IP 3 ) and diacylglycerol (2) . Quiescent cultures and a short treatment period (24 h) were used so that any neomycin toxicity would not alter cell replication rates enough to result in differences in cell number between control and treated groups. Also, visual inspection of cultures revealed no apparent cytotoxic effects. Treatment of the epithelial cells with neomycin prevented the MMP induction by PLC in a dose-dependent manner, indicating that exogenous PLC does act through this second messenger system (Fig. 5) .
Directional MMP secretion. PLE were cultured to establish a polarized histiotypic model of four to five cell layers with well-formed cell contacts as previously described (31) . Cultures were treated with PLC (0.1 U/ml, 24 h) added to either the upper or lower chamber. At 24 h, multilayer permeability was tested as transepithelial resistance, using a Millicell-ERS (Millipore, Bedford, Mass.) (31) . PLC treatment was found to reduce transmembrane resistance about 20% compared with the controls. The conditioned medium from both upper and lower chamber was subjected to zymography. Differences in chamber volume were compensated for as described in Materials and Methods. The gelatin zymogram shows that MMP-9 is secreted in the apical and basal direction in about the same amount in the control but that the PLC-induced increase in MMP-9 was predominantly in the apical direction, with a small but distinct increase in the basal direction (Fig. 6) . Conversely, MMP-2 was predominantly secreted in the basal direction, with no significant increase seen after PLC treatment. Casein zymography was also performed because of its enhanced sensitivity to MMP-3. It showed that a 84-kDa MMP (possibly pro-MMP-3) was secreted predominantly in the apical direction in the control. PLC-induced secretion of pro-MMP-3 was also in the apical direction as was induced MMP-3 activity. The results were consistent irrespective of whether the PLC was added to the upper or the lower chamber (data not shown), indicating that although the multilayer could respond to exogenous signal from either direction, its response was polar and MMP specific.
Morphology. Scanning electron microscopy of confluent PLE treated with PLC (24 h, 0.1 U/ml) showed loosening of cell-cell contacts and loss of microvilli in their apical surface, resulting in a noncontiguous epithelial sheet (Fig. 7) .
DISCUSSION
Epithelial cell expression of MMPs is modulated by interactions with matrix molecules, mesenchymal cells, growth factors (20) , and cell density (18) . Keratinocytes plated on type I collagen show increased gelatinase (MMP-9) (39) and collagenase (MMP-1) activity (36) . Similarly, contact with fibronectin increases epithelial MMP-9 production (33). Strongly elevated MMP-9 levels have been found in migrating epithelium of oral wounds (38) . Chronic inflammation caused by mixed infection also results in increased proteolytic activity of MMP-1 and MMP-9, proportional to the severity of inflammation (21, 44, 46) . Cell-free microbial culture filtrates of periodontopathogens Porphyromonas gingivalis, Fusobacterium nucleatum, and Actinobacillus actinomycetemcomitans added to keratinocytes cultured on collagen fibrils caused an up to 10-fold increase in collagen breakdown (20) . It appears, therefore, that MMP induction can be a response to either microbial colonization or the resultant inflammatory reaction, or both.
Although bacterial endotoxin has been demonstrated to induce MMPs (37), the role of other bacterial products including PLC in MMP expression has not previously been much studied. Furthermore, despite intensive interest in the biochemistry of PLC, its structure-function relationship has not been elucidated (14) . However, elevated levels of P. aeruginosa PLC have been recovered from infected human wounds (15) . Therefore, we studied if PLC may induce MMP expression and lead to tissue destruction associated with chronic wounds. We found that B. cereus PLC elevated MMP activity in culture media and disrupted epithelial cell-cell contact, suggesting a possible role in the tissue destruction observed in infected wounds. The PLC effect was demonstrated in three epithelial types, suggesting that the effect may be significant in a range of infectious conditions.
One important evolutionarily conserved controlling mechanism of cell growth and MMP production involves signal transduction through lipid second messengers. For instance, binding of tumor necrosis factor alpha and interleukin-1 to their receptors leads to sphingomyelinase activation and production of ceramide that initiates the mitogen-activated protein kinase cascade (17, 41) and, as a consequence, increased MMP expression (34) . Our study shows that bacterial PLC may also lead to production of lipid second messengers in host cells. Exogenous PLC exerted a strong and long-lasting signal for MMP production in three types of epithelial cells. Bacterial PLCs are cell-associated or secreted enzymes capable of cleaving cell membrane-bound phospholipids. Exogenous PLC has previously been found to hydrolyze membrane-bound phospholipids (7). PLCs have specificity for one or more phospholipid species, such as phosphatidylcholine, phosphatidylethanolamine, phosphatidylinositol, and sphingomyelin (41) .
Exogenous PLC may also short circuit the signal transduction pathway by diffusing into the cell and mimicking the function of endogenous PLC producing the intracellular second messengers IP 3 from storage sites and diacylglycerol activates protein kinase C, resulting in the phosphorylation of a number of intracellular proteins (26) . The pathways involving glycerolipid-and sphingolipid-derived second messengers are believed to converge in the activation of proto-oncoprotein Raf1 and continue along mitogen-activated protein kinase pathway (41) . That would explain the similar strong MMP induction caused by PLC observed here and by tumor necrosis factor alpha or ceramide shown elsewhere (4, 16, 34, 38) .
In Xenopus oocytes, the B. cereus PLC has previously been shown to hydrolyze equally both phosphoinositol and phosphatidylcholine. However, diacylglycerol was found to be the only direct PLC-generated metabolite with biological activity, and the PLC effect was inhibited by specific protein kinase C inhibitors. These results also implied that Ca 2ϩ may not have any role in the biological activity of this PLC type (7) . In agreement with that study, we found that neomycin prevented the PLC induction of MMPs. Neomycin inhibits formation of inositol trisphosphate by avidly binding polyphosphoinositides, making them unavailable to PLC (2) . Further, we found that calcium ionophore treatment did not significantly induce MMPs in the epithelial cells. These results suggests that at least part of the PLC induction of MMPs results from activation of the protein kinase C pathway via diacylglycerol. We also found that differing states of cell quiescence alter the pattern of PLC induction of MMPs relative to that of PMA, a general protein kinase C activator. This finding suggests that aspects of the signal pathway might render cells more susceptible to this bacterial effect in chronic wounds in which normal reepithelialization is retarded. The mobilization of diacylglycerol in intact HeLa cells by exogenous PLC from C. perfringens has been found to be accompanied by release of fatty acids, including arachidonic acid (40) . However, the failure of phospholipase A, a major inducer of arachidonic acid, to upregulate MMPs in our study suggests that broad-spectrum PLC does not induce MMPs via the arachidonic pathway.
PLC was found to reduce transepithelial resistance of multilayer cultures, although not enough to eliminate polarity of MMP secretion. This finding suggests that PLC might render wound epithelial more permeable to bacterial infection. In support of this view, we found that in confluent monolayers, PLC treatment resulted in the loss of some cell-cell contact. The degree to which permeability is increased appears to be dependent on the thickness of the cell layer and hence the number of cell-cell interactions as well the amount of extracellular matrix that has been deposited. This would suggest that reepithelializing wounds might be particularly sensitive to perturbation by PLC. To summarize, bacterial PLC may have profound effects on epithelial cells of infected tissues. The increase of MMP activity by PLC may be related to both derangement of normal epithelial growth and increased degradation of subepithelial matrix. This may result in delayed healing and persistence of infection.
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